We demonstrate phase-regeneration of phase unlocked OTDM-DPSK serial signals in a single phase sensitive amplifier through optical cross-phase modulation. The BER of an 8×10 Gbit/s OTDM-DPSK signal is improved by 2 orders of magnitude.
Introduction
All-optical regeneration has attracted a lot of attention, since it may offer a significant increase in the overall capacity and transmission reach of fiber communication systems, without significant increases in cost or power consumption [1] . The phase sensitive amplifier (PSA) has emerged as a promising all-optical way to regenerate phase-encoded signals. It has been used for single channel regeneration of differential phase-shift keying (DPSK) and quadrature phase-shift keying (QPSK) signals [2] . However, to offer energy-efficiency, the regenerator must be compatible with multiplexing techniques, such as serial multiplexing based on increasing the symbol rate by interleaving low speed channels in the time domain, or the parallel multiplexing (WDM) scheme based on increasing the number of wavelength channels. In particular, the serial multi-channel approach with fewer wavelength channels, has the potential to reduce the cost per bit due to the reduced number of components, and the power consumption [3] . Furthermore, it has been shown that a WDM regenerator can be implemented using a single serial signal regenerator through optical Fourier transformations, which can be achieved by intermediately converting the parallel channels to a single serial channel, and then applying serial channel regeneration, followed by serial-to-parallel conversion. In this way, 16 WDM channels were successfully regenerated in a single PSA [4] . It is therefore important to investigate PSA schemes for regeneration of serial multiplexed signals. The main challenge lies in aligning the phase of individual serial-channels at the PSA input.
In this paper, we demonstrate phase regeneration of serial multiplexed DPSK signals in a single PSA through optical cross-phase modulation (XPM). We simultaneously regenerate 8 phase noise degraded 10 Gbit/s DPSK serial channels in a single PSA. The BER performance is characterized focusing on the positioning of the regenerator, either directly in front of the receiver or between two broadband phase noise emulators (in-line regeneration). In this latter case more than 2 orders of magnitude improvement is achieved.
Principle
A serial multiplexed signal has the advantage of its single-wavelength feature, which enables regeneration of many serial channels using a single dual-pump PSA. However, the random carrier phase of the individual serial channels poses a challenge to phase sensitive optical processing. The main idea is to convert the serial multiplexed DPSK signal to a phase coherent (PC) one using a delay interferometer (DI) and XPM. The PC serial signal tributaries can then be regenerated simultaneously in a single PSA. The principle of all-optical serial multi-channel regeneration of phase unlocked DPSK signals is shown in Fig. 1 . A serial multiplexed DPSK signal is generated by time interleaving a number of low symbol rate DPSK channels at the same wavelength with random carrier phase (A). A 1-bit DI at the base symbol rate is used to convert the DPSK signals to OOK signals, and the phase noise is converted to amplitude noise (B). XPM in a highly nonlinear fiber (HNLF) is employed to transfer the data modulation from the OOK signal to the phase of a continuous wave (CW) carrier (C), resulting in a serial PC-DPSK signal (D). After combination with two phase locked pumps, the obtained PC-DPSK signal is sent to a HNLF-based PSA, resulting in a phase regenerated serial DPSK signal (E). The proposed scheme is scalable, since in principle the system complexity does not increase with the number of tributaries.
Experimental setup and results
In this experimental demonstration, an 8×10 Gbit/s serial multiplexed DPSK signal is generated by optical time division multiplexing (OTDM). The experimental setup is shown in Fig. 2 . A supercontinuum signal is generated by a 10-GHz mode-locked laser (MLL) and a 400-m dispersion-flattened HNLF (DF-HNLF). The broadened spectrum is sinc-filtered at 1562 nm by a programmable wavelength selective switch (WSS), resulting in a 12.5 ps rectangular pulse train. After modulation, the 10-Gbaud DPSK signal is then 8×OTDM-multiplexed using a fiber-based multiplexer, providing an 80-Gbit/s DPSK-OTDM signal with unlocked carrier phases for the different tributaries.
As introduced before, the regenerator consists first of a DPSK-to-OOK conversion stage using a 1-bit (100 ps) DI. The waveform of the 80 Gbaud OTDM-OOK signal is shown in Fig. 3(a) . The three phase-locked carriers P1 (1538 nm), S (1544 nm) and P2 (1550 nm) to be used for the PSA stage are generated based on four wave mixing (FWM) in a 500 m HNLF. The signal carrier is separated from the pumps by WSS2, and they are sent into a 500-m HNLF in counter-propagating directions by using optical circulators. The obtained OTDM-OOK signal is coupled into the HNLF to function as an XPM pump co-propagating with S. By carefully adjusting the pump power, XPM will impart BPSK modulation on the carrier S (Fig. 3b) . Before the PSA, the pumps P1 and P2 are further split for independent amplification and an injection locking laser (ILL) is used to increase the OSNR of carrier P2, which is the idler of the FWM process. Signal and pumps are then launched into the PSA consisting of a 250 m HNLF with stable phase-matching for improved nonlinear efficiency (HNLF-SPINE). The input power for S is 0 dBm and 21 dBm for P1 and P2. For active phase locking, 10% of the signal power was detected by a slow-speed avalanche photodiode (APD) after a narrow optical filter for a feedback loop (FBL) based on a piezoelectric actuator (PZT) [5] . The PSA output spectra for maximum and minimum output signal power are reported in Fig. 3(c) , showing a dynamic phase sensitive extinction ratio of 8.2 dB. In the receiver, the regenerated OTDM signal is demultiplexed with a nonlinear optical loop mirror using a 1.3 ps wide gating pulse. Finally, the BER of each channel is measured in a 10-Gbit/s receiver including a DI and balanced photo-detection.
In order to test the regenerator, phase noise is added by up to two broadband phase noise emulators inserted both before and after the regenerator. Each phase noise emulator is based on a phase modulator (PM) driven by random noise with approximately Gaussian distribution obtained from an optical amplified spontaneous emission (ASE) source followed by a photodetector. The regeneration performance is investigated under two conditions: a single phase noise emulator with the regenerator directly in front of the receiver (Fig. 4(b) ) and the regenerator in between two phase noise emulators, i.e. emulating the positioning of the regenerator within a transmission link (Fig 4(c) ). The phase noise is quantified by the variance of optical phase, estimated by Di /V , with being the Starting from the first case (regenerator in front of the receiver), Fig. 4(a) shows the BER performance of one demultiplexed 10-Gbit/s serial channel for different levels of phase noise, emulated from only PM1. The regenerator is benchmarked against the back-to-back (B2B) BER curves with and without phase noise. The regenerator power penalty without noise is only 0.7 dB at BER = 10 -9 . For the B2B signal, adding noise not only increases the power penalty, but also introduces error floors due to the statistical properties of the Gaussian noise. The improvement in power penalty provided by the regenerator decreases with the increasing variance of the noise. In addition, the error floors cannot be removed, since the PSA cannot correct errors (phase shifts > ). The inset of Fig. 4(a) shows the receiver sensitivities at BER = 10 -7 for all regenerated serial (OTDM) channels with phase noise D1 = 0.032. A similar improvement of more than 1 dB in receiver sensitivity was achieved for all serial channels.
The case of the regenerator positioned within a transmission link is shown in Fig. 4 (b) . The BER performance of the regenerated 80-Gbit/s DPSK serial signal is reported for different levels of phase noise, emulated using both PM1 and PM2. In order to test the maximum noise tolerance after regeneration, the noise from PM1 was kept constant, while the noise from PM2 was increased. Without regeneration, the error floors appear and scale up with D2. With regeneration in between the two noise emulators, significant BER improvements are achieved for all the noise levels considered. In particular, without regeneration there are error floors at BER = 10 -6 and 10 -7 for noise combination (D1, D2) = (0.032, 0.030) and (0.032, 0.019). With regeneration, both BER curves are improved by more than 2 orders of magnitude achieving error-free (BER < 10 -9 ) performance. Even with the largest phase noise considered (0.032, 0.074), more than one order of magnitude improvement in BER is achieved. This indicates that the proposed serial multi-channel regeneration scheme has a strong potential for in-line applications. The receiver sensitivities of all regenerated channels at BER = 10 -7 with phase noise D = (0.032, 0.030) are also shown in the inset of Fig. 4(b) . The performance variation is < 1 dB and enables decreasing the error floor for all channels.
Conclusion
We have demonstrated phase-regeneration of serial multiplexed DPSK signals in a single phase sensitive amplifier. 8×10-Gbit/s phase noise degraded DPSK serial channels with random carrier phase were regenerated simultaneously. When noise was added both before and after the regenerator to emulate a transmission scenario, BER improvements by 2 orders of magnitude were achieved. In principle, the system complexity of the proposed scheme does not scale with the number of serial channels, making the scheme highly flexible and scalable with the symbol rate. These advantages make this technique highly suitable for the implementation of functionality enabling the scalable WDM phase regenerator. 
